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SPATIAL AND TEMPORAL CHANGES IN MAIZE AND SOYBEAN  
GRAIN YIELD, PRECIPITATION USE EFFICIENCY, AND CROP  
WATER PRODUCTIVITY IN THE U.S. GREAT PLAINS 
M. Kukal,  S. Irmak 
ABSTRACT. Sustainable agricultural utilization of the limited water resources demands improvements in understanding the 
changes in crop water productivity (CWP) in space and time, which is often presented as a potential solution to relieve the 
growing pressure on fresh water resources. In addition, crop yield needs to be studied in relation to precipitation received 
annually and during the growing season for its contribution to reduce irrigation water requirements, which is quantified 
through precipitation use efficiency (PUE). Hence, systematic quantifications, mapping, and analyses of large-scale CWP 
and PUE levels are needed. This study aims to quantify long-term (1982-2013) information on grain yield, PUE, and CWP 
for maize and soybean in the U.S. Great Plains counties and to map and analyze them. Multiple public data sources were 
used, including weather, satellite, and yield datasets for the 834 counties over a 32-year period. Long-term average maize 
grain yield ranged from 1.56 to 12.81 t ha-1 with a regional average of 6.66 t ha-1. Long-term average soybean grain yield 
ranged from 0.47 to 3.46 t ha-1 with an average of 2.17 t ha-1. About 87% and 89% of the counties in the region showed 
increasing trends in grain yield for maize and soybean, respectively, with regional average increasing trends for maize and 
soybean yield of 0.1014 and 0.0328 t ha-1 year-1, respectively. The regional annual PUE (ANNPUE) and growing season 
PUE (GRSPUE) were 1.09 and 1.90 kg m-3, respectively, for maize and 0.32 and 0.55 kg m-3, respectively, for soybean. In 
addition, the regional average increasing trends in maize ANNPUE (exhibited by 88% of counties) and GRSPUE (exhibited 
by 85% of counties) were 0.0174 and 0.0316 kg m-3 year-1. For soybean, regional average increasing trends in ANNPUE 
(exhibited by 91% of counties) and GRSPUE (exhibited by 87% of counties) were 0.0048 and 0.0081 kg m-3 year-1. The 
magnitude of maize CWP varied from 0.30 to 2.97 kg m-3 with a regional average of 1.08 kg m-3, and soybean CWP varied 
from 0.15 to 0.67 kg m-3 with a regional average of 0.40 kg m-3. It was found that 79% and 86% of the counties showed 
positive trends in maize and soybean CWP, respectively, and the increasing trend magnitudes were 0.0144 and 0.0047 kg 
m-3 year-1. Pooled data from all counties and growing seasons were used to develop frequency distribution histograms to 
quantify the inter-annual variation and distribution characteristics. The level of CWP variability represented via maps 
revealed regions where opportunity exists for improvements in production system efficiency. A comprehensive understand-
ing of the spatial and temporal patterns in these efficiency indices will provide a basis for decision-making in resource 
assessments, planning, evaluation, and investment by state and federal agencies and stakeholders. 
Keywords. Agriculture, Climate, Evapotranspiration, Great Plains, Water productivity. 
ne of the major challenges for the decades ahead 
is ensuring the food security for the rapidly grow-
ing population in a changing climate. Fulfilling 
the nutrition and food requirements for the pro-
jected 2 to 3 billion increase in population necessitates the 
allocation of major investments in the agricultural sector. At 
the same time, the pressure on the global water resources is 
increasing. Because drought and/or limited water resources 
are major yield and productivity limiting factors of food and 
fiber production worldwide, a substantial portion of the in-
crease in crop water productivity (CWP) to meet the food 
and fiber demands of the world’s population will most likely 
stem from irrigated agriculture (Irmak, 2015a). Irrigated ag-
riculture remains the largest water-consuming sector (FAO, 
1994; Rosegrant et al., 2002), and irrigated agriculture has 
been rapidly increasing over the last several decades, ap-
proximately by two-fold between 1962 and 1998 (Ali and 
Talukder, 2008; Carruthers et al., 1997). Globally, irrigated 
agriculture contributes to 25% to 50% of food production 
(FAO, 1994). According to a 2003 FAO irrigation analysis 
conducted in 93 developing countries, an expected 81% in-
crease in agricultural production by 2030 will come from ir-
rigated areas. Due to the intensifying competition between 
the industrial and domestic sectors, less water will be avail-
able for agricultural production. By 2050, it is estimated that 
an additional 5,600 km3 of evapotranspired water per year 
will be required to meet the demand for food if no improve-
ments in crop water productivity are made (Falkenmark and 
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Rockstrom, 2004). Crop production areas will need to pro-
duce more crops with currently available water resources 
(Ali and Talukder, 2008). All these factors highlight that ag-
ricultural areas must increase production per drop of water 
to ensure food security sustainably (Zhang et al., 2003; 
Stanhill, 1986; Cao et al., 2007). 
To aid in the development of a strategic framework for 
this challenge, the analyses of water use efficiency is cru-
cially important. As of now, information on water use effi-
ciency is often solely available from field experimentation, 
thus limiting the results to local climate conditions that vary 
from year to year and due to soil, crop, and water manage-
ment practices followed at the particular site. Due to the la-
bor involved, crop water consumption is difficult to measure 
routinely, which prevents extensive use of the concept of 
crop water productivity in policymaking and water manage-
ment. Usually, the terms water use efficiency (WUE) and 
crop water productivity (CWP) are used to represent crop 
production per unit of water used (Howell, 1990; Perry, 
2007; Perry et al., 2009; Keller and Seckler, 2005; Li et al., 
2009; Irmak, 2015a, 2015b). CWP is an indicator for quan-
tifying the impact of irrigation in potentially increasing 
productivity and can be a useful term to compare and judge 
different water management measures for a specific crop. 
Because the term CWP is derived from the yield and wa-
ter consumption of a particular crop, which are highly vari-
able in both space and time, CWP has inherently high spatial 
and temporal variability. Various factors influence CWP, 
such as field, environmental variables, climate, management 
practices, and biophysical and socio-economic factors. Nu-
merous researchers have addressed the variability in CWP 
due to factors including: (1) soil conditions, i.e., texture, ero-
sion, salinity, and acidity (Landau et al., 1998; Ewert et al., 
2002); (2) improvements in crop management due to adop-
tion of better hybrids, varieties, and cultivars made possible 
through plant breeding and genetic modification (Evans, 
1997; Amthor, 1998; Reynolds et al., 1999); (3) appropriate 
use of fertilizers (Garabet et al., 1998; Sexton et al., 1996); 
(4) influence of irrigation management practices (Stone et 
al., 1987; Irmak, 2015a, 2015b); (5) influence of planting 
dates (Fengrui et al., 2000; Irmak and Djaman, 2016), crop 
rotations, planting densities (Lang et al., 1956; Holt and 
Timmons, 1968; Lutz et al., 1971; Irmak and Djaman, 2016), 
climate variables (Irmak, 2015a, 2015b), and residue man-
agement (Tolk et al., 1999). Hence, the variability that oc-
curs in CWP in both space and time in a particular region 
(e.g., the U.S. Great Plains) should be studied to gain a com-
prehensive understanding of the CWP dynamics at large 
scales. 
To address the trends in CWP in any region, both in space 
and time, it is necessary to quantify the long-term CWP at 
large scales. Mo et al. (2005) used a process-based crop 
growth model (SVAT) to predict regional winter wheat and 
summer maize crop yield, water consumption, and WUE us-
ing weather data and remotely sensed data from NOAA-
AVHRR in the Hebei province of China. Li et al. (2008) 
used the SEBAL (Surface Energy Balance Algorithm for 
Land) model with NOAA remotely sensed data to determine 
water consumption of winter wheat and CWP and discussed 
spatial trends that were observed in the region. Chen et al. 
(2010) used the APSIM model to simulate crop yield and 
water balance of a wheat-maize rotation and investigated the 
effects of climate variability (1961-2000) on CWP and water 
balance. Responses of wheat and maize crop yield and WUE 
to future climate change were investigated by Guo et al. 
(2010) using the CERES-Wheat and CERES-Maize models. 
In the Hai basin of China, Yan and Wu (2014) used satellite 
data and the CASA model to predict winter wheat evapo-
transpiration (ET) and aboveground biomass for the period 
1984-2010 and carried out integrated spatial-temporal anal-
yses. On the national scale, Liu et al. (2007) used GEPIC to 
simulate yield and CWP for winter wheat to model the role 
of irrigation in yield and crop water productivity in China. 
Mainuddin and Kirby (2009) used the CROPWAT model 
and provincial (administrative boundaries) data to estimate 
ET and yield, respectively, to analyze the spatial and tem-
poral trends in water use efficiency in the lower Mekong ba-
sin. Immerzeel et al. (2008) investigated the Krishna River 
basin in southern India for evaluation of water use efficiency 
using the SEBAL and SWAT models. In central Asia, Ab-
dullaev and Molden (2004) discussed spatial and temporal 
variability of water use efficiency during 1999-2001 in the 
Syr Darya basin. On a global scale, several researchers have 
explored the dynamics of CWP to identify regions with high 
potential to increase CWP while making use of several mod-
els and simulation tools. Liu et al. (2008) used the GEPIC 
model to simulate maize yield and CWP at a spatial resolu-
tion of 30 arc-minutes and observed that more than 80% of 
African countries have the potential to double their CWP. 
Brauman et al. (2013) used available global spatial datasets 
for 16 crops to analyze the contributions of CWP toward in-
creasing water sustainability and food security. Among these 
various approaches, our study relies on a relatively simpli-
fied strategy, which involves quantification of CWP using 
national county-level yield statistics and crop water use esti-
mates. The crop water use (crop ET) was estimated as the 
product of reference ET and crop coefficients, where refer-
ence ET was calculated from long-term weather records, and 
crop coefficients were estimated as a function of a satellite-
derived vegetative index. 
Because both the amount and seasonal distribution of pre-
cipitation greatly influence crop evapotranspiration, irriga-
tion requirement, and yield, the WUE of both irrigated and 
rainfed crop production is likely to be affected considerably 
by this crucial environmental variable. According to Turner 
(2004), the WUE of various crops is strongly impacted by 
growing season precipitation for potential yield, and several 
agronomic practices have been developed to capture and use 
growing season precipitation to enhance the WUE of various 
cropping systems. Hence, apart from discussing the contri-
butions of irrigation, evapotranspiration, and crop yield 
when quantifying WUE, investigation of the water use of 
any cropping system in terms of seasonal precipitation 
amounts is indispensable. Some researchers have investi-
gated the precipitation use efficiency (PUE) of various crop-
ping systems (Greb et al., 1967; Greb, 1979; Smika, 1990; 
McGee et al., 1997; Farahani et al., 1998; Limon-Ortega et 
al., 2000; Hatfield et al., 2001; Peterson and Westfall, 2004; 
Fahong et al., 2004; Govaerts et al., 2006; Müller et al., 
2009; Sharma et al., 2013; Irmak 2015b). Long-term re-
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search studies to explore the trends in PUE in different pro-
duction regions are crucial, and our study aims to fulfill this 
need for the U.S. Great Plains. 
This study focuses on the U.S. Great Plains, which shows 
high variability in air temperatures, precipitation, reference 
ET (ETo), and aridity in both space and time, as discussed by 
Kukal and Irmak (2016a, 2016b). In addition, maize and soy-
bean actual ET varies considerably throughout the region, as 
discussed by Kukal et al. (2017). Thus, it is anticipated that 
the magnitudes of CWP will show strong spatial tendencies 
as well. To our best knowledge, there has been no county-
based direct quantification of CWP encompassing the multi-
state study region for a long-term period appropriate for dis-
cerning trends in time. Thus, the primary objective of this 
study is to quantify long-term crop (maize and soybean) wa-
ter productivities and PUE for the Great Plains region from 
1982 to 2013. The geographical trends obtained through the 
analysis were analyzed, and regions with high and low CWP 
were identified. Time series for both CWP and PUE were 
evaluated for investigation of temporal trends, and statistical 
significance was determined. All analyses were based pri-
marily on county-scale datasets, although regional and 
statewide magnitudes were also quantified. 
MATERIALS AND METHODS 
STUDY AREA 
The focus of this study was the central U.S., which is gen-
erally designated as the Great Plains (fig. 1). The area ex-
tends from the Canadian border in the north to Texas in the 
south, Wyoming and Colorado in the west, and Iowa in the 
east. Specifically, the area consists of nine states (Colorado, 
Iowa, Kansas, Nebraska, North Dakota, Oklahoma, South 
Dakota, Texas, and Wyoming), which together comprise 834 
counties. The total land area covered by these states is ap-
proximately 230 million ha, which is about 30% of the ter-
restrial area of the U.S. The area lies between dense forests 
in the east and mountains and deserts in the west (Rossum 
and Lavin, 2000). The topographical characteristic of the 
area are the vast, flat-to-rolling plains. The highest elevation 
throughout the region is in the Rocky Mountains in Colo-
rado, and the lowest elevation is at the southern coastline in 
Texas. Cold air fronts from Canada in the north and the 
Rocky Mountains in the northwest along with warm and hu-
mid air masses flowing into the region from the Gulf of Mex-
ico in the south govern the climatic conditions of the region 
(Irmak, 2010; Irmak et al., 2012b). This variability in cli-
matic conditions is demonstrated by the existence of 
NOAA’s 78 climatic divisions across the region. The land 
use categories in the region are primarily agricultural, in-
cluding rangelands, prairies, and irrigated and rainfed farm-
ing of agronomic row crops such as maize, soybean, sor-
ghum, alfalfa, wheat, sugar beets, and cotton (Mutiibwa and 
Irmak, 2013). 
SOURCES OF DATA 
The data used in this study primarily consisted of crop ET 
and yield datasets for the period 1982-2013. The crop ET 
datasets used in this study (i.e., maize and soybean ET) were 
adopted from the results of Kukal et al. (2017). These da-
tasets were developed using the two-step approach, i.e., ETc 
= ETo × Kc, where ETo was determined using a spatially and 
temporally calibrated form of the Hargreaves-Samani equa-
tion, as discussed by Kukal et al. (2017), and maize and soy-
bean Kc were derived from satellite-retrieved NDVI. These 
datasets have been integrated with available land use da-
tasets to identify areas that produce maize and soybean. Fi-
nally, magnitudes of maize and soybean seasonal ET for the 
period 1982-2013 were quantified at the county level so that 
the data were spatially consistent with the county-scale crop 
yield datasets. 
Yield data were obtained from the USDA National Agri-
cultural Statistics Service (USDA-NASS) for all counties re-
porting data for maize and soybean during the period 1982-
2013. The county yield (kg ha-1) is defined as the ratio of the 
total harvested yield (in kg) to the total harvested area (in ha) 
per year per county. The USDA-NASS yield data were re-
ported in bushels per acre. These NASS yield datasets were 
already adjusted to a standard moisture content for a crop, 
i.e., 15.5% for maize and 12.5% for soybean, so that com-
parisons among yields could be made easily. For this study, 
conversions were made to kilograms per hectare using con-
version factors of 62.77 kg ha-1 for maize and 67.25 kg ha-1 
for soybean. Counties that did not report yield data for any 
particular year were excluded from our analysis. For the pur-
pose of map development, various boundary datasets, such 
as county and state boundaries, were obtained from the 
USDA Geospatial Data Gateway for use in the ArcGIS en-
vironment. 
MAIZE AND SOYBEAN YIELDS 
Raw county-level yield data for maize and soybean were 
processed to develop organized crop yield information. The 
Figure 1. Map of the counties and maize and soybean growing regions
in the study area. 
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USDA-NASS collects county-level yield data by mail, tele-
phone interview, personal interview, electronically, etc., 
conducts rigorous checks for consistency and accuracy, and 
reports yield data summarized by county using advanced sta-
tistical techniques so as to appropriately represent each 
county. For each county, a time series (1982-2013) of its re-
ported maize and soybean yield data was constructed. Long-
term average maize and soybean yields were computed for 
every county, and long-term average maps were developed 
to observe potential spatial trends in the maize and soybean 
yield distribution over the entire study region. 
MAIZE AND SOYBEAN CROP WATER USE 
Crop water use was computed on spatial scales for both 
crops by integrating ground-based and satellite observa-
tional data. Daily grass reference ET (ETo) was determined 
at 800 weather stations distributed over the study region for 
the period 1982-2013 using a spatially and temporally cali-
brated Hargreaves-Samani equation (Kukal et al., 2017). 
Daily ETo values at each station were summed to obtain 
monthly ETo for the 32-year period. Interpolation procedures 
(inverse distance weighting) were applied in ArcGIS (ver. 
10.2, ESRI, Redlands, Cal.) to monthly ETo at the stations to 
generate spatial surfaces for each month and year. In addi-
tion, Kc-NDVI linear models were developed and validated 
using observed Kc data from BREBS sites 6 and 10 of the 
NEBFLUX (Nebraska Water and Energy Flux Measure-
ment, Modeling and Research Network) project (Irmak, 
2010) and NDVI data from the MODIS 250 m product. 
NEBFLUX operates 11 Bowen ratio energy balance system 
(BREBS) and eddy covariance systems over surfaces includ-
ing subsurface drip and center-pivot irrigated and rainfed 
maize and soybean rotations under no-till and disk-till prac-
tices, irrigated and rainfed grasslands, irrigated alfalfa, irri-
gated seed maize and cover crop rotation, phragmites-domi-
nated cottonwood and peach-leaf willow riparian zone, rain-
fed winter wheat, irrigated black turtle bean, irrigated pop-
corn, irrigated grain sorghum, and surface drip irrigated 
vineyard. Some of the flux towers have been operating since 
2004. The flux towers measure all surface energy balance 
components, including latent heat flux (ETc), soil heat flux 
(G), sensible heat flux (H), net radiation (Rn), surface albedo, 
soil temperature, soil water content every 0.30 m down to 
1.8 m as well as numerous other variables on an hourly basis 
throughout calendar year, including dormant seasons. In ad-
dition, agronomic practices data, stomatal resistance, leaf 
area index, plant height, and other supporting data are meas-
ured at most of the NEBFLUX tower sites. Measurements 
also include vegetation physiology, yield, and biomass pro-
duction through extensive field campaigns. Detailed charac-
teristics of the instrumentation, experimental setup, meas-
urement details, soil and crop and management practices, 
and other information for each NEBFLUX tower site are 
provided by Irmak (2010). Because the NDVI data had a 
spatial resolution of 250 m, the NDVI value represented the 
average vegetation (crop) cover of the entire pixel. It was 
ascertained that the pixels containing the BREBS sites were 
specifically composed of the particular single crop for which 
the model was being developed. In addition, the usual field 
dimensions are greater than 250 m by 250 m, which strength-
ened our selection of 250 m NDVI data for model develop-
ment. These models were used to develop spatial Kc from 
spatial NDVI data derived from AVHRR (1982-1999) and 
MODIS (2000-2013) satellite imagery for each month of the 
growing season. 
Because the aim was to develop crop-specific spatial Kc, 
it is crucial to identify spatial locations in the study region 
that are covered by the vegetative surfaces of interest (maize 
and soybean). The pixels depicting maize and soybean crops 
had to be extracted from spatial crop coefficient datasets, 
which required extensive and high-quality land use datasets. 
In this study, land use information was obtained from two 
different sources, which differed in time period and detail. 
The land use datasets for the period 2009-2013 were ob-
tained from the USDA Cropland Data Layer (http://nassge-
odata.gmu.edu). For 1992, 2001, and 2006, the datasets were 
obtained from the Multi-Resolution Land Characteristics 
Consortium (http://www.mrlc.gov). Through this exercise, it 
was ascertained that the Kc maps represent only maize and 
soybean Kc, and no other summer crops. Both of these spatial 
datasets, namely monthly ETo and monthly Kc for each 
growing season in the period 1982-2013, were multiplied to 
derive spatial actual maize and soybean ET. The monthly ET 
layers were summed for the growing season (i.e., May to 
September) to obtain growing season actual ET. Land use 
datasets published during the study period were used to ex-
clude non-crop pixels in the maize and soybean spatial ET 
layers. Finally, county-level actual ET was calculated for 
each maize and soybean producing county using the zonal 
statistics tool in ArcGIS 10.2. A detailed description of the 
methodologies used for quantification of crop ET is provided 
by Kukal et al. (2017). 
The county-level data for maize and soybean ET were or-
ganized using spreadsheet tools, and long-term averages 
were calculated. Long-term spatial maps were developed to 
better represent the spatial distribution of maize and soybean 
ET over the region. Counties qualified for further analysis 
only when complete datasets were available for both crop 
yield and ET for a particular year. 
PRECIPITATION USE EFFICIENCY 
Irrigation water requirements, at least for some regions, 
can be considerably reduced if rainwater can be captured and 
stored during the growing and/or non-growing (dormant) 
seasons. Several effective irrigation management strategies 
can be adopted for improved storage of precipitation. This 
can lead to increased contribution of growing and dormant 
season precipitation and consequently result in reduction in 
irrigation water requirements. Various crop production re-
gions can be investigated and evaluated for precipitation wa-
ter use efficiency. In this study, we quantified annual and 
growing season precipitation use efficiencies (ANNPUE and 
GRSPUE) following Irmak (2015b) at county scale for both 
maize and soybean for the areas producing these crops fol-
lowing methods outlined by Irmak (2015b). ANNPUE is 
commonly defined as the ratio of aboveground net primary 
production (grain yield and/or dry matter production, t ha-1) 
to annual precipitation (mm). Similarly, GRSPUE is defined 
as the ratio of aboveground net primary production (grain 
yield and/or dry matter production, t ha-1) to growing season 
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precipitation (mm). These terms are described by equations 








/ soybeanmaizeY=  (2) 
where Ymaize/soybean is the county averaged yield for maize or 
soybean (t ha-1), and annual and growing season precipita-
tion is in mm. For the purpose of this study, we considered 
annual precipitation as the total precipitation received from 
January 1 to December 31 for each year, and growing season 
precipitation was the total precipitation received from May 1 
to September 30, following Irmak (2015b). 
Both of these variables (ANNPUE and GRSPUE) were 
quantified for each county and each year or growing season 
by dividing the yield for a particular county and year (from 
USDA-NASS) by the precipitation received by that county 
in that year. Magnitudes of ANNPUE and GRSPUE for both 
crops were calculated and mapped for spatial visualization 
of trends over the region. Time series were constructed for 
each county for both variables to be used in temporal trend 
analysis for understanding the changes that have occurred 
over time in different areas. 
CROP WATER PRODUCTIVITY 
The CWP values at county scale for the period 1982-2013 
were calculated to evaluate the efficiency response of maize 
and soybean producing areas and the potential changes that 
have occurred with time. CWP was computed as the ratio of 








CWUE =  (3) 
where Ymaize/soybean is the county-averaged yield for maize or 
soybean (t ha-1), and crop ETmaize/soybean is county-averaged 
crop ET for either crop (mm). CWP was calculated for each 
county in the study area and each year in the study period for 
each crop. Similar to ANNPUE and GRSPUE, datasets were 
developed for map development and temporal trend analy-
sis. 
STATISTICAL PROCEDURES USED IN  
TEMPORAL TREND ANALYSES 
Mann-Kendall Trend Test 
The county-specific values for all variables were quanti-
fied for the 32-year period, and time series were constructed. 
To identify temporal trends in these variables and to investi-
gate their statistical significance, a set of statistical tests was 
applied. The Mann-Kendall test (Kendall’s tau) is one of the 
most widely accepted non-parametric tests for detecting sig-
nificant trends in a time series (Mann, 1945; Kendall, 1975). 
The null hypothesis (Ho) stated by the M-K test is non-exist-
ence of a trend in the time series of the observational data of 
n independent and identically distributed random variables. 
On the other hand, the alternative hypothesis (H1) is that a 
monotonic trend exists in X. The test statistic S is asymptot-
ically normal, has a mean zero and a variance, and is com-
puted by equation 6 (after computations using eqs. 4 and 5): 
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where xj and xk are the time series observations in chrono-
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where t represents the extent of a given tie, and Σt is the sum-
mation over all ties. In cases where the sample size (n) is 



























Z  (7) 
Increasing and decreasing trends are represented by pos-
itive and negative values of Z, respectively. To investigate 
the increasing or decreasing monotonic trends at the α sig-
nificance level, the null hypothesis was rejected when an ab-
solute value of Z greater than Z1-α/2 was detected, where Z1-
α/2 was obtained from the standard normal cumulative distri-
bution tables. In this study, detection of any increasing or 
decreasing trends was performed at significance levels of 
α = 0.01 and α = 0.05. 
Sen’s Slope Estimator 
After determining whether a linear trend is present or not 
in a particular time series, a simple non-parametric proce-
dure, developed by Sen (1968), was applied to calculate the 
true magnitude of the slope of the linear trend. This estimate 













zj  (8) 
Considering an annual time series, b denotes the annual 
increment under the hypothesis of a linear trend. The mag-
nitude of b provides the real slope of the annual trend and 
can vary slightly from the slope obtained from linear regres-
sion. 
RESULTS AND DISCUSSION 
SPATIAL AND TEMPORAL TRENDS IN YIELD 
The regional average maize yield was 6.66 ton ha-1, which 
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was averaged over 680 counties for which long-term datasets 
were available. The long-term average maize yield across the 
region varied from a minimum of 1.56 ton ha-1 in Galveston 
County, Texas, to a maximum value of 12.81 ton ha-1 in 
Wheeler County, Texas. The standard deviation (SD) ob-
served in maize yield across the region was 2.1 ton ha-1. The 
highest maize yields were observed in the High Plains region 
of Texas, followed by counties in southwest region of Kansas 
(fig. 2). Statewide averaged maize yields were computed from 
county-level yield data and analyzed to compare statewide 
yields. On a statewide average scale, Iowa had the highest 
maize yield, followed by Nebraska, Colorado, Kansas, Wyo-
ming, Texas, South Dakota, Oklahoma, and North Dakota. 
This implies that although the counties with the highest yields 
were in Texas and Kansas, on a statewide basis, Iowa and Ne-
braska had the highest yields overall. The magnitudes of 
statewide maize yields and other descriptive statistics are 
shown in table 1. The maximum and minimum SD values 
were observed in Iowa and Colorado, respectively. However, 
the highest coefficient of variation (CV) was observed in 
North Dakota, while the lowest was observed in Colorado. 
The regional average soybean yield (fig. 3) was 2.17 ton 
ha-1, which was averaged over 562 counties for which long-
term datasets were available. The long-term average soybean 
yield across the region varied from a minimum of 0.47 ton 
ha-1 in Mercer County, North Dakota, to a maximum of 
3.46 ton ha-1 in Hamilton County, Nebraska. The SD of soy-
bean yield across the region was 0.64 ton ha-1. The regions 
with the highest observed long-term average soybean yield 
were south central and central Nebraska, Iowa, and south-
west and south central Kansas. On a statewide basis, the 
highest statewide average soybean yield was observed in 
Iowa, followed by Nebraska, Kansas, South Dakota, Texas, 
North Dakota, and Oklahoma. No long-term data were avail-
able for any counties in Colorado and Wyoming. The 
statewide average soybean yields are shown in table 1. The 
maximum and minimum SD values were observed in Ne-
braska and Texas, respectively. The highest CV was ob-
served in North Dakota, while the lowest was observed in 
Iowa. 
Increasing trends in maize and soybean yields were ob-
served during the study period for most of the counties in 
Nebraska and other states. For each county in the study area, 
figure 4 shows whether the temporal trend is increasing or 
decreasing and whether the trend is large enough to be sig-
Figure 2. Long-term (1982-2013) mean maize yield on a county basis
(ton ha-1). 
Table 1. Descriptive statistics of statewide average maize and soybean 
yields (ton ha-1). 
Crop and State 
Statistic 
Mean Max. Min. SD CV 
Maize      
 Iowa 8.64 11.26 4.83 1.71 0.20 
 Nebraska 8.30 10.89 6.05 1.22 0.15 
 Colorado 8.06 9.76 6.93 0.68 0.08 
 Kansas 7.02 9.14 5.09 0.96 0.14 
 Wyoming 6.22 8.97 5.02 1.10 0.18 
 Texas 5.81 8.09 3.96 0.98 0.17 
 S. Dakota 5.40 8.85 3.51 1.40 0.26 
 Oklahoma 5.37 7.31 2.98 1.01 0.19 
 N. Dakota 4.70 7.04 2.32 1.35 0.29 
Soybean      
 Iowa 2.89 3.50 1.99 0.44 0.15 
 Nebraska 2.76 3.67 1.94 0.49 0.18 
 Kansas 2.19 2.98 1.42 0.37 0.17 
 S. Dakota 1.85 2.88 1.44 0.39 0.21 
 Texas 1.85 2.44 1.26 0.30 0.16 
 N. Dakota 1.52 2.30 0.85 0.42 0.28 
 Oklahoma 1.52 2.08 0.86 0.33 0.22 
Figure 3. Long-term (1982-2013) mean soybean yield on a county basis 
(ton ha-1). 
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nificant by statistical definition. In these maps, the blue up-
right arrows represent increasing (positive) trends, while the 
red inverted arrows indicate decreasing (negative) trends. 
Counties with green background indicate that the trend for 
the county is statistically significant at α = 0.05, as distin-
guished from counties with insignificant trends (counties 
with a white background). Non-significant trends are still 
crucial to report because these trends can have potential im-
plications for agricultural crop production by affecting 
yields, irrigation, disease risks, pests, etc., even though they 
do not qualify as trends in statistical terms. The proportion 
of counties that showed increasing trends in maize yield was 
87%, while 89% of counties showed increasing trends in 
soybean yields, and the remainder of the counties showed 
decreasing trends. For maize yield, counties in northwest, 
north central, central, and west central Kansas and in the 
Platte drainage basin, Kansas drainage basin, and Arkansas 
drainage basin in Colorado showed significant decreasing 
trends. Among other decreasing trends in the region were 
some counties in South Dakota, Nebraska, Wyoming, Okla-
homa, and Texas. Similarly, for soybean yield, apart from a 
few counties in Texas that had significant decreasing trends, 
all other decreasing trends were found in Oklahoma, Texas, 
and Kansas and were insignificant. Increasing trends for 
maize yield ranged from 0.4 kg ha-1 year-1 (increased by 
0.5%) to 466.4 kg ha-1 year-1 (increased by 223%) with a re-
gional average of 101.4 kg ha-1 year-1 (increased by 55%). 
Decreasing trends ranged from 0.9 kg ha-1 year-1 (decreased 
by 0.3%) to 234.9 kg ha-1 year-1 (decreased by 100%) with a 
regional average of 53.6 kg ha-1 year-1 (decreased by 29%). 
On the other hand, increasing trends for soybean yield 
ranged from 0.4 kg ha-1 year-1 (increased by 0.8%) to 153.8 
kg ha-1 year-1 (increased by 406%) with a regional average 
of 32.8 kg ha-1 year-1 (increased by 52.7%). Likewise, the 
decreasing trends ranged from 1 kg ha-1 year-1 (decreased by 
1.2%) to 56.4 kg ha-1 year-1 (decreased by 122%) with a re-
gional average of 16.4 kg ha-1 year-1 (decreased by 26.4%). 
Therefore, the regional percentage for increasing trends in 
maize was 2.3% greater than that for soybean. Similar in-
creases in grain yield were reported by Irmak and Sharma 
(2015) for Nebraska during the period 1986-2009. They 
found that grain yield increased by 166 kg ha-1 year-1 for ir-
rigated maize and by 84 kg ha-1 year-1 for rainfed maize. 
These yield increases for irrigated and rainfed soybean were 
50 and 30 kg ha-1 year-1, respectively. 
The overall increases in maize and soybean yields are the 
result of several technological advances. These include plant 
genetics, improved machinery, increased dependence on ir-
rigation and agrochemicals to improve soil nutrient status 
and pest resistance, soil and crop management, a prolonged 
photosynthetic period (Tollenaar and Wu, 1999), regional 
climate change and variability (Lobell and Asner, 2003), and 
a combination of all the aforementioned factors. On the other 
hand, declines in yield can be possibly due to a mixture of 
biophysical and socioeconomic factors. According to Ray et 
al. (2012), increased adoption of no-till practice by produc-
ers in the semi-arid areas of the Great Plains and intensified 
crop rotations are a probable cause of yield stagnations in the 
region. For instance, the negative trends in maize yield in 
some Kansas counties may be due to wheat-maize rotations, 
as opposed to a fallow period following wheat, which does 
not allow restoration of soil fertility. Other factors may in-
clude absence of significant irrigation infrastructure, priori-
tization of livestock over grain crops, lack of availability of 
suitable high-yielding crop varieties, lack of farmer expertise 
in appropriate agronomic practices, or lack of established ag-
ricultural research and investment. Although yield declines 
or stagnation have been observed, this does not necessarily 
translate into lower income and profits because an increase 
in the number of crops per cropping cycle or intercropping 
Figure 4. Temporal trends in (a) maize yield and (b) soybean yield (ton ha-1) during the period 1982-2013 for the study region counties. 
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with other crops can increase the net food supply and hence 
farm incomes. 
Histograms of Yield Frequency Distributions 
A large degree of inter-annual variation was observed 
among maize and soybean yields as affected by variability 
in precipitation and other climatic variables. Direct and indi-
rect effects of weather conditions were the primary reasons 
for this variability. To assess the changes in maize and soy-
bean yields in a quantitative way, frequency distribution his-
tograms of maize and soybean yields were developed 
(fig. 5). These histograms show the range and distribution of 
yields across the Great Plains. A total of 17,793 observation 
data points for maize and 13,288 observation data points for 
soybean were used to develop the frequency distribution his-
tograms. Because the numbers of total observations for 
maize and soybean were unequal, the frequency distributions 
are represented as percentages of the total observations for 
each crop for improved interpretation. Maize yield ranged 
from 0.3 to 14.8 ton ha-1 with a peak frequency for the range 
8 to 8.5 ton ha-1. Soybean yield ranged from 0.20 to 4.61 ton 
ha-1 with a peak frequency for the range of 2 to 2.5 ton ha-1. 
To further investigate the variation in crop yield during 
1982-2013, we calculated the skewness statistic for the crop 
yield for each year (table 2) to quantify the variation in fre-
quency distribution over the study period. In recent years, 
large negative values of skewness were observed for both 
maize and soybean, which represents large frequencies of 
higher yields. However, positive values of skewness signify 
that the histogram distribution is more skewed toward lower 
yield in those particular years. For example, the skewness val-
ues were positive during 2002 and negative, but small, during 
2012. This might be because those years were extremely dry, 
with region average growing season precipitation of only 290 
mm (16% lower than long-term average) in 2002 and 238 mm 
(31% lower than long-term average) in 2012. Below-normal 
precipitation might have played an important role in the lower 
yields, especially in areas with rainfed crop production. Be-
cause our analysis was based on a large-scale average rather 
than distinguishing between irri-gated and rainfed crops, it 
was difficult to consider the effect of precipitation on crop 
yield in rainfed settings. Overall, negative values of skewness 
were observed for most of the years in the study period. 
SPATIAL AND TEMPORAL TRENDS IN  
PRECIPITATION USE EFFICIENCY 
Maize PUE 
Annual and growing season PUE values for a particular 
county and year were calculated as the ratio of reported crop 
 
Figure 5. Frequency histograms of observed grain yields for maize and soybean from 1982 to 2013 across the study area. 
Table 2. Skewness for yield, annual precipitation use efficiency 
(ANNPUE), growing season precipitation use efficiency (GRSPUE), 






Maize Soy Maize Soy Maize Soy Maize Soy 
1982 -0.16 -0.55 1.38 1.37  1.50 0.73 0.58 -0.40 
1983 0.15 -0.19 1.29 1.59  1.95 1.51 0.83 -0.10 
1984 0.04 0.00 1.14 2.04  1.14 1.51 0.55 0.44 
1985 -0.38 -0.84 1.03 1.68  1.56 0.78 0.45 -0.43 
1986 -0.23 -0.69 1.41 1.58  1.86 0.73 0.61 -0.39 
1987 0.02 -0.22 1.01 1.61  1.67 0.04 0.81 -0.05 
1988 0.31 -0.01 1.27 1.81  1.92 0.93 0.83 0.87 
1989 -0.09 -0.30 1.04 1.60  3.01 0.89 0.46 0.07 
1990 -0.27 -0.21 0.82 1.66  1.65 1.56 0.27 0.07 
1991 -0.02 -0.12 1.06 1.66  1.53 0.83 0.67 0.38 
1992 -0.14 -0.80 1.44 1.63  1.59 0.30 0.11 -0.58 
1993 0.57 -0.22 1.88 1.15  2.49 1.83 0.85 -0.18 
1994 -0.17 -0.56 0.95 2.14  2.58 0.62 0.28 -0.16 
1995 0.25 0.14 1.54 1.40  1.87 0.01 0.81 0.08 
1996 -0.31 -0.41 1.21 1.53  3.09 -0.12 0.11 -0.23 
1997 0.25 -0.34 0.75 1.95  1.35 -0.09 1.23 -0.01 
1998 -0.41 -0.44 1.09 2.06  3.01 1.57 -0.10 -0.37 
1999 0.04 -0.24 1.77 1.83  1.95 0.37 0.98 -0.19 
2000 -0.24 -0.14 2.01 2.35  2.42 0.75 0.97 -0.12 
2001 -0.14 -0.24 2.22 1.90  2.90 0.70 0.55 -0.21 
2002 0.07 0.05 1.58 2.30  2.43 1.52 0.74 0.39 
2003 -0.14 0.46 1.25 2.07  1.78 1.30 0.34 0.91 
2004 -0.35 -0.58 1.03 1.96  2.71 0.28 0.87 -0.41 
2005 -0.12 -0.23 1.07 2.10  1.53 0.43 0.44 -0.21 
2006 -0.13 -0.38 1.43 2.16  2.98 0.34 0.95 -0.02 
2007 -0.14 -0.52 1.86 1.93  2.15 0.91 0.56 -0.40 
2008 -0.46 -0.11 2.21 1.98  4.42 0.31 0.75 -0.08 
2009 -0.86 -0.66 0.74 2.27  0.78 0.19 -0.93 -0.58 
2010 0.00 -0.19 1.67 1.68  2.17 1.41 0.46 -0.36 
2011 -0.51 -0.47 1.74 2.24  3.53 1.97 0.52 -0.53 
2012 -0.02 -0.17 1.59 3.13  1.42 1.70 1.18 0.44 
2013 -0.26 -0.20 1.67 2.15  1.49 0.56 0.69 0.03 
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yield to the annual or growing season precipitation received 
in that county in that year. Long-term average magnitudes 
were calculated for each county, and the results are reported 
using maps to analyze the spatial distribution across the 
Great Plains. The annual (Jan. 1 to Dec. 31) precipitation has 
considerable impact on growing season crop growth and 
yield due to its role in recharging the soil profile for spring 
germination and crop water uptake during crop establish-
ment and development. The regional average magnitude of 
maize ANNPUE was 1.09 kg m-3, which was averaged over 
680 counties for which long-term datasets were available. 
The long-term average maize ANNPUE across the region 
varied from a minimum of 0.12 kg m-3 in Galveston County, 
Texas, to a maximum of 4.82 kg m-3 in Hudspeth County, 
Texas. The SD for maize ANNPUE across the region was 
0.59 kg m-3. High maize ANNPUE was observed in the west-
ern half of the region (fig. 6). 
Statewide averaged maize ANNPUE values were also 
computed from county-level ANNPUE data and analyzed, 
and the magnitudes of the statewide maize ANNPUE and 
other descriptive statistics are shown in table 3. On a 
statewide average basis, Colorado had the highest maize 
ANNPUE, followed by Wyoming, Nebraska, Kansas, Iowa, 
North Dakota, Texas, South Dakota, and Oklahoma. The 
maximum and minimum SD values were observed in Wyo-
ming and Kansas, respectively. The highest CV was ob-
served in Wyoming, while the lowest was in Kansas. The 
GRSPUE had similar trends as annual PUE. The regional 
average maize GRSPUE was 1.90 kg m-3, which was aver-
aged over 680 counties for which long-term datasets were 
available. The long-term average maize GRSPUE across the 
region varied from 0.18 kg m-3 in Galveston County, Texas, 
to 8.25 kg m-3 in El Paso County, Texas. The SD observed 
in maize GRSPUE across the region was 1.01 kg m-3. The 
highest maize GRSPUE were observed in the western half 
of the region, similar to ANNPUE (fig. 7). On a statewide 
average basis, Colorado had the highest maize GRSPUE, 
followed by Wyoming, Nebraska, Texas, Kansas, Iowa, 
South Dakota, North Dakota, and Oklahoma. The magni-
tudes of the statewide maize GRSPUE and other descriptive 
statistics are shown in table 4. The maximum and minimum 
SD values were observed in Wyoming and Oklahoma, re-
spectively. The highest CV was observed in Wyoming, 
while the lowest was observed in Colorado and Kansas. 
Irmak (2015a, 2015b) measured ANNPUE and GRSPUE of 
maize under different irrigation regimes (including rainfed 
maize) at Clay Center, Nebraska, for the period 2005-2010 
and reported that the average ANNPUE and GRSPUE across 
treatments were 1.82 and 3.04 kg m-3, respectively. Those 
measured values are very similar to our findings. 
Table 3. Descriptive statistics of statewide average maize and soybean 
annual precipitation use efficiency ANNPUE (kg m-3). 
Crop and State Mean Max. Min. SD CV 
Maize      
 Colorado 2.120 3.550 1.599 0.403 0.190 
 Iowa 1.012 1.359 0.400 0.237 0.234 
 Kansas 1.060 1.393 0.670 0.135 0.128 
 N. Dakota 0.977 1.650 0.378 0.255 0.261 
 Nebraska 1.376 2.391 0.732 0.311 0.226 
 Oklahoma 0.626 0.994 0.395 0.136 0.218 
 S. Dakota 0.961 1.402 0.521 0.215 0.224 
 Texas 0.965 1.408 0.602 0.204 0.211 
 Wyoming 1.982 4.448 1.338 0.682 0.344 
Soybean      
 Iowa 0.338 0.462 0.174 0.071 0.208 
 Kansas 0.326 0.422 0.239 0.044 0.135 
 N. Dakota 0.320 0.559 0.160 0.079 0.247 
 Nebraska 0.453 0.775 0.261 0.107 0.235 
 Oklahoma 0.176 0.267 0.109 0.037 0.208 
 S. Dakota 0.331 0.456 0.198 0.068 0.205 
 Texas 0.278 0.401 0.178 0.054 0.194 
Figure 6. Long-term (1982-2013) average maize annual precipitation
use efficiency (ANNPUE) on a county basis (kg m-3). 
Figure 7. Long-term (1982-2013) average maize growing season precip-
itation use efficiency (GRSPUE) on a county basis (kg m-3). 
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Soybean PUE 
The regional average magnitude of soybean ANNPUE 
was 0.32 kg m-3, which was averaged over 562 counties for 
which long-term datasets were available. The long-term av-
erage soybean ANNPUE across the region varied from 
0.06 kg m-3 in Orange County, Texas, to 0.70 kg m-3 in Sioux 
County, Nebraska. The SD observed in soybean ANNPUE 
across the region was 0.13 kg m-3. The high soybean 
ANNPUE values were observed over the western parts of 
Nebraska, Kansas, Oklahoma, and Texas (fig. 8). Soybean 
ANNPUE and GRSPPUE values were not reported for Wy-
oming and Colorado due to the absence of soybean yield 
data. Statewide averaged soybean ANNPUE values were 
computed from county-level ANNPUE data and analyzed to 
compare statewide ANNPUE. On a statewide average basis, 
Nebraska had the highest soybean ANNPUE, followed by 
Iowa, South Dakota, Kansas, North Dakota, Texas, and Ok-
lahoma. The magnitudes of the statewide soybean ANNPUE 
and other descriptive statistics are shown in table 3. The 
maximum and minimum SD values were observed in Ne-
braska and Oklahoma, respectively. The highest CV was ob-
served in North Dakota, while the lowest was observed in 
Kansas. The GRSPUE had similar trends as ANNPUE. The 
regional average soybean GRSPUE was 0.55 kg m-3, which 
was averaged over 562 counties. Long-term average soybean 
GRSPUE across the region varied from 0.14 kg m-3 in Har-
din County, Texas, to 1.47 kg m-3 in Willacy County, Texas. 
The SD of soybean GRSPUE across the region was 0.20 kg 
m-3. The high soybean GRSPUE values were observed in the 
western parts of Nebraska, Kansas, Oklahoma, and Texas, 
similar to ANNPUE (fig. 9). On a statewide average basis, 
Nebraska had the highest soybean GRSPUE, followed by 
Iowa, South Dakota, Kansas, Texas, North Dakota, and Ok-
lahoma. The statewide soybean GRSPUE and other descrip-
tive statistics are shown in table 4. 
The geographical (spatial) trends in both ANNPUE and 
GRSPUE (maize or soybean) are a function of the spatial 
trends in observed crop yield (maize or soybean) and precip-
itation (annual or growing season). Precipitation amounts 
have a longitudinal trend across the region and increase to-
ward the east. Kukal and Irmak (2016a) reported that the 
long-term average (1968-2013) annual precipitation ranges 
from 215 mm in the west to 1450 mm in the southeast. Sim-
ilarly, long-term average (1968-2013) growing season 
(1 May to 30 Sept.) precipitation varies from 120 mm in the 
west to 700 mm in the southeast. However, crop yield does 
not follow a particular longitudinal or latitudinal trend, as 
crop yield is a function of highly variable management prac-
tices, irrigation, soil conditions, growing season length, crop 
genetics, and other factors that vary on very fine scales. In 
particular, irrigation has a substantial role in achieving 
greater crop yields. For example, Nebraska, Kansas, and 
Table 4. Descriptive statistics of statewide average maize and soybean 
growing season precipitation use efficiency (GRSPUE) (kg m-3). 
Crop and State Mean Max. Min. SD CV 
Maize      
 Colorado 3.785 6.148 2.472 0.778 0.206 
 Iowa 1.715 2.737 0.537 0.439 0.256 
 Kansas 1.775 2.629 0.972 0.366 0.206 
 N. Dakota 1.488 2.916 0.475 0.429 0.288 
 Nebraska 2.193 4.939 1.024 0.658 0.300 
 Oklahoma 1.256 2.138 0.757 0.344 0.274 
 S. Dakota 1.535 2.515 0.729 0.414 0.270 
 Texas 1.925 3.756 1.158 0.496 0.258 
 Wyoming 3.519 7.862 2.167 1.415 0.402 
Soybean      
 Iowa 0.574 0.994 0.233 0.137 0.238 
 Kansas 0.528 0.772 0.343 0.100 0.189 
 N. Dakota 0.487 1.005 0.201 0.136 0.280 
 Nebraska 0.707 1.593 0.386 0.217 0.307 
 Oklahoma 0.335 0.473 0.208 0.074 0.221 
 S. Dakota 0.551 0.845 0.269 0.134 0.244  
Texas 0.503 0.788 0.325 0.113 0.226 
Figure 8. Long-term (1982-2013) average soybean annual precipitation
use efficiency (ANNPUE) on a county basis (kg m-3). 
Figure 9. Long-term (1982-2013) averaged soybean growing season 
precipitation use efficiency (GRSPUE) on county basis (kg m-3). 
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Texas are states with a greater proportion of irrigated fields 
and show relatively greater crop yields; hence, irrigation is 
likely to affect their PUE metrics. PUE, which is essentially 
the ratio of crop yield to precipitation, is characterized by the 
absence of any particular spatial trend, although a slight lon-
gitudinal trend exists because of the precipitation gradient in 
regions that show comparable crop yields. This is one of the 
reasons behind the generally decreasing trend from west to 
east in all the PUE metrics, which is due to the increase in 
precipitation amounts from west to east. Hence, spatial 
trends in PUE metrics are governed by the spatial trends in 
crop yield and precipitation, which vary substantially. 
The proportion of counties that showed increasing trends 
in maize ANNPUE was 88%, while 85% of the counties 
showed increasing trends in maize GRSPUE. The remainder 
of the counties showed decreasing trends. The increase or de-
crease in these temporal trends for each county in the study 
area and their significance are shown in figure 10. For maize 
ANNPUE, counties in northwest, north central, central, and 
west central Kansas and in the Platte drainage basin, Kansas 
drainage basin, and Arkansas drainage basin in Colorado 
showed significant decreasing trends. Among other decreas-
ing trends in the region were some counties in southwest and 
central South Dakota, Nebraska, Oklahoma, and Texas. The 
region showed similar trends for maize GRSPUE and 
ANNPUE. Increasing trends for maize ANNPUE ranged from 
0.00003 to 0.0751 kg m-3 year-1 with a regional average of 
0.0174 kg m-3 year-1. Decreasing trends ranged from 0.0001 to 
0.05 kg m-3 year-1 with a regional average of 0.0094 kg m-3 
year-1. Increasing trends for maize GRSPUE ranged from 
0.0001 to 0.2480 kg m-3 year-1 with a regional average of 
0.0316 kg m-3 year-1. Likewise, decreasing trends ranged from 
0.00004 to 0.1084 kg m-3 year-1 with a regional average of 
0.0176 kg m-3 year-1. The regional increasing trends in maize 
ANNPUE were 82% greater than those of maize GRSPUE. 
 
The proportion of counties that showed increasing trends 
in soybean ANNPUE was 91%, while 87% of the counties 
showed increasing trends in soybean GRSPUE (fig. 11). For 
soybean ANNPUE, counties in northwest, north central, 
central, and west central Kansas and eastern Texas showed 
significant decreasing trends. Among other decreasing 
trends in the region were some counties in South Dakota, 
Nebraska, Oklahoma, and Texas. The region showed similar 
trends for soybean GRSPUE and ANNPUE. Increasing 
trends for soybean ANNPUE ranged from 0.00003 to 0.0303 
kg m-3 year-1 with a regional average of 0.0048 kg m-3  
year-1. Decreasing trends ranged from 0.0001 to 0.0112 kg 
m-3 year-1 with a regional average of 0.0020 kg m-3 year-1. 
Increasing trends for soybean GRSPUE ranged from 0.0001 
to 0.0480 kg m-3 year-1 with a regional average of 0.0081 kg 
m-3 year-1. Decreasing trends ranged from 0.0001 to 0.0117 
kg m-3 year-1 with a regional average of 0.0032 kg m-3  
year-1. The increasing trend in soybean ANNPUE was 69% 
greater than that of soybean GRSPUE. 
Crop PUE should be treated as a measure to denote crop 
yield in a particular county in relation to the precipitation it 
receives during a particular period. However, it should not 
be used to represent or indicate the efficiency of a particular 
region to store precipitation to contribute to crop water 
needs. This would require more information on soil proper-
ties related to water storage (such as water holding capacity) 
at various depths and information on soil-water extraction 
patterns by various crops, which is very limited, especially 
at large scales. Moreover, crop PUE does not account for ir-
rigation water application to supplement precipitation. Nev-
ertheless, it indicates the relative ratio of crop yield to pre-
cipitation, which is valuable information, especially for 
counties with dominantly rainfed fields, such as in Iowa and 
southeastern Nebraska. 
Figure 10. Temporal trends in (a) maize annual precipitation use efficiency (ANNPUE) and (b) maize growing season precipitation use efficiency 
(GRSPUE) (kg m-3) during the period 1982-2013 for the study region counties. 
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Histograms of PUE Frequency Distributions 
To assess the changes in ANNPUE and GRSPUE for 
maize and soybean in a quantitative way, histograms of fre-
quency distributions were developed (figs. 12 and 13, re-
spectively). These histograms show the range and distribu-
tion of ANNPUE and GRSPUE across the Great Plains. A 
total of 17,793 observation data points for maize and 13,288 
observation data points for soybean were used to develop the 
frequency distribution histograms. Maize ANNPUE ranged 
from 0.06 to 7.46 kg m-3 with a peak frequency range of 0.5 
to 0.75 kg m-3. Maize GRSPUE ranged from 0.12 to 15.12 kg 
m-3 with a peak frequency range of 1.25 to 1.5 kg m-3. Soy-
bean ANNPUE ranged from 0.04 to 1.79 kg m-3 with a peak 
frequency range of 0.3 to 0.35 kg m-3. Soybean GRSPUE 
ranged from 0.07 to 4.08 kg m-3 with a peak frequency range 
of 0.5 to 0.55 kg m-3. To further investigate the variation in 
crop ANNPUE and GRSPUE during 1982-2013, the skew-
ness statistic was calculated for each year (table 2) to quan-
tify the variation in frequency distribution over the study pe-
riod. For most of the years, the skewness has positive values, 
which implies that the histogram distribution is more skewed 
toward lower ANNPUE and GRSPUE for both crops during 
the study period. 
 
Figure 11. Temporal trends in (a) soybean annual precipitation use efficiency (ANNPUE) and (b) soybean growing season precipitation use effi-
ciency (GRSPUE) (kg m-3) during the period 1982-2013 for the study region counties. 
 
Figure 12. Frequency histograms of county average maize annual precipitation use efficiency (ANNPUE) and growing season precipitation use 
efficiency (GRSPUE) from 1982 to 2013 across the study area. 
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SPATIAL AND TEMPORAL TRENDS IN CWP 
The regional average maize CWP was 1.08 kg m-3, which 
was averaged over 604 counties for which long-term datasets 
of both maize yield and ET were available. The long-term 
average maize CWP across the region varied from 0.30 kg 
m-3 in Lee County, Texas, to 2.97 kg m-3 in Park County, 
Wyoming. The regional average SD for maize CWP was 
0.39 kg m-3. High maize CWP values were observed in cen-
tral Nebraska, western Kansas, and Iowa (fig. 14). The mag-
nitudes of the statewide maize CWP and other descriptive 
statistics are shown in table 5. Statewide averaged maize 
CWP values were also computed from county-level CWP 
data and analyzed to compare statewide CWP. On a 
statewide average basis, Wyoming had the highest maize 
CWP, followed by Colorado, Iowa, Nebraska, Kansas, 
Texas, Oklahoma, South Dakota, and North Dakota. The 
maximum and minimum SD values were observed in Wyo-
ming and Texas, respectively. The highest magnitude of CV 
was observed in North Dakota, while the lowest was ob-
served in Colorado. Numerous researchers have reported ex-
perimentally measured maize CWP values in the semi-arid 
central and southern High Plains. Tolk et al. (1999) reported 
that maize CWP at Bushland, Texas, ranged from 1.26 to 
1.54 kg m-3, depending on tillage practices, irrigation, and 
soil type. At the same location, other researchers reported 
maize CWP ranges of 1.12 to 1.39 kg m-3 (Evett et al., 1996), 
0.89 to 1.55 kg m-3 (Howell et al., 1995), 1.47 to 1.74 kg  
m-3 (Howell et al., 1996), and 1.13 to 1.68 kg m-3 (Yazar et 
al., 1999). Norwood et al. (2000) found that the CWP of wa-
ter-limited and dryland maize ranged from 0.83 to 1.61 kg 
 
Figure 13. Frequency histograms of county average soybean annual precipitation use efficiency (ANNPUE) and growing season precipitation use
efficiency (GRSPUE) from 1982 to 2013 across the study area. 
Table 5. Descriptive statistics of statewide averaged maize and soybean 
crop water use productivity (CWP) (kg m-3). 
Crop and State Mean Max. Min. SD CV 
Maize      
 Colorado 1.668 1.946 1.414 0.150 0.090 
 Iowa 1.290 1.685 0.655 0.246 0.190 
 Kansas 1.102 1.373 0.818 0.141 0.128 
 N. Dakota 0.778 1.138 0.391 0.200 0.258 
 Nebraska 1.247 1.576 0.941 0.147 0.118 
 Oklahoma 0.846 1.129 0.475 0.152 0.180 
 S. Dakota 0.811 1.299 0.493 0.197 0.243 
 Texas 0.955 1.136 0.700 0.112 0.117 
 Wyoming 1.951 2.549 1.460 0.292 0.149 
Soybean      
 Iowa 0.497 0.586 0.307 0.070 0.142 
 Kansas 0.400 0.522 0.269 0.064 0.161 
 N. Dakota 0.298 0.415 0.161 0.073 0.246 
 Nebraska 0.474 0.602 0.326 0.069 0.146 
 Oklahoma 0.256 0.316 0.137 0.048 0.188 
 S. Dakota 0.336 0.485 0.234 0.062 0.184 
 Texas 0.320 0.408 0.219 0.052 0.163 
Figure 14. Long-term (1982-2013) average maize crop water produc-
tivity (CWP) (kg m-3) on a county basis. 
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m-3. Irmak (2015a, 2015b) measured long-term center-pivot 
irrigated maize CWP values at Clay Center, Nebraska, for 
the period 2005-2010 under different irrigation regimes. He 
found that, on average, CWP ranged from 1.73 kg m-3 for 
rainfed maize to 2.34 kg m-3 for fully irrigated maize. Payero 
et al. (2009) reported maize CWP values ranging from 1.80 
to 2.05 kg m-3 in 2005 and from 1.50 to 1.92 kg m-3 in 2006 
with various irrigation treatments at North Platte, Nebraska. 
Irmak et al. (2012a) observed similar measured CWP values 
for eight large-scale production fields across central, south 
central, and eastern Nebraska, with maize CWP ranging 
from 2.1 to 4 kg m-3 under proper irrigation and crop man-
agement practices. 
It is possible that some of the county-based CWP values 
in our analyses may be lower than the measured CWP values 
reported in the literature. It should be noted that the crop 
yield data and crop ET data used in our study were county-
averaged values. In addition, our analyses represent an aver-
age of irrigated and rainfed conditions because the datasets 
were averaged across management practices and hence did 
not distinguish between irrigated and non-irrigated regimes. 
In some cases, as discussed by Kukal et al. (2017), crop ET 
magnitudes may be overestimated owing to the use of two-
step approach, resulting in lower CWP values. Furthermore, 
experimentally measured CWP is expected to be greater than 
CWP values obtained from large-scale production fields be-
cause experimentally measured values are measured in care-
fully controlled environments that usually result in greater 
yields with carefully managed water, nutrients, pesticides, 
soil, and other crop management practices. The results re-
ported in our study are invaluable in terms of analyzing the 
regional magnitudes and patterns of CWP at large scales that 
have very different climatic and soil and management con-
ditions. Our results align strongly with other regional-scale 
CWP studies. For example, Brauman et al. (2013) reported 
that maize CWP values for the region are around and above 
1.7 kg m-3. 
Similar analyses were carried out for counties that grow 
soybean. The regional average soybean CWP was 0.40 kg 
m-3, which was averaged over 452 counties. The long-term 
average soybean CWP across the region varied from 0.15 kg 
m-3 in Pennington County, South Dakota, to 0.67 kg m-3 in 
Ochiltree County, Texas. The regional average maize CWP 
was 170% higher than the soybean CWP. The SD observed 
in maize CWP across the region was 0.11 kg m-3. Some of 
the highest CWP values were observed in central Nebraska, 
western Kansas, and Iowa (fig. 15). On a statewide average 
scale, Iowa had the highest soybean CWP, followed by Ne-
braska, Kansas, South Dakota, Texas, North Dakota, and 
Oklahoma. The statewide soybean CWP and other descrip-
tive statistics are shown in table 5. The maximum and mini-
mum SD values were observed in North Dakota and Okla-
homa, respectively. The highest CV was observed in North 
Dakota, while the lowest was observed in Iowa. Payero et al. 
(2005) measured CWP values for soybean under deficit irri-
gation and found that the overall mean CWP was 0.49 and 
0.58 kg m-3 at North Platte, Nebraska, in 2003 and 2004, re-
spectively, and 0.37 kg m-3 at Curtis, Nebraska, in 2002. At 
Clay Center, Nebraska, Irmak et al. (2014) reported that av-
erage soybean CWP values for different irrigation regimes 
were between 0.77 and 0.89 kg m-3 in 2007 and between 0.85 
and 1.02 kg m-3 in 2008. Karam et al. (2005) reported soy-
bean CWP to vary between 0.39 and 0.57 kg m-3 in Lebanon. 
Scott et al. (1987) reported that the average CWP of soybean 
was approximately 0.6 kg m-3 in Arkansas. The CWP values 
obtained were in agreement with experimentally determined 
values. 
The metabolic pathway of photosynthesis (C4 vs. C3) and 
crop-specific seed composition are the two most important 
plant factors affecting yield per unit seasonal evapotranspi-
ration. The trade-off between leaf photosynthesis and water 
loss is inherently higher in C4 crops (Howell, 1990; Niu et 
al., 2005). This difference is reflected in the higher yield per 
unit seasonal transpiration of maize compared with their C3 
counterparts, such as soybean. 
The proportion of counties that showed increasing trends 
in maize CWP was 79%, while 86% of the counties showed 
increasing trends in soybean CWP. The remainder of the 
counties showed decreasing trends. These temporal trends 
for each county in the study area and their significance are 
shown in figure 16. For maize CWP, the increasing trends 
are dominant in the region except for some counties that 
show negative trends. The counties with negative trends are 
in western North Dakota, western South Dakota, Wyoming, 
Colorado, as well as northwest, north central, central, west 
central, and south central Kansas, north central Oklahoma, 
and the High Plains, south central, and northern Texas. Of 
all the decreasing trends, only the trends in Colorado and 
Kansas are significant. In the region, increasing trends for 
maize CWP ranged from 0.00004 to 0.0732 kg m-3 year-1 
with a regional average of 0.0144 kg m-3 year-1. Similarly, 
decreasing trends ranged from 0.00002 to 0.0640 kg m-3 
year-1 with a regional average of 0.01 kg m-3 year-1. The in-
creasing and decreasing trends in soybean CWP are located 
in the same regions as maize CWP, the only difference being 
Figure 15. Long-term (1982-2013) average soybean crop water produc-
tivity (CWP) (kg m-3) on a county basis. 
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the absence of reported trends in Colorado and Wyoming 
due to the absence of long-term datasets. The increasing 
trends for soybean CWP ranged from 0.00001 to 0.0281 kg 
m-3 year-1 with a regional average of 0.0047 kg m-3 year-1. 
Likewise, the decreasing trends ranged from 0.00003 to 
0.0127 kg m-3 year-1 with a regional average of 0.0031 kg  
m-3 year-1. Therefore, it was observed that the regional in-
creasing trends for maize CWP were 206% greater than 
those for soybean CWP. 
Crop water productivity trends in both space and time 
provide crucial information on the improvements or declines 
in amount of crop produced by evapotranspiring a given unit 
of water. The maps showing spatial and temporal trends pro-
vide simple representations of intercomparison of CWP and 
variability in its temporal trends among counties and re-
gions. The region can be assessed for areas with relatively 
low CWP and for the factors that cause this. Further, if the 
causes arise from lack of appropriate management practices, 
inadequate inputs, and other manageable aspects, attempts 
can be made to improve them, and hence improve CWP, in 
these regions. Some examples of these regions would be cen-
tral South Dakota, southeastern Kansas, eastern Oklahoma, 
and eastern Texas for maize (shown in dark green color in 
fig. 14) and central North Dakota, South Dakota, eastern Ok-
lahoma, and Texas for soybean (shown in dark green color 
in fig. 15). However, atmospheric evaporative demand or 
reference evapotranspiration varies across the region, as 
quantified and represented by Kukal and Irmak (2016a). A 
region with higher evaporative demand may also show 
higher crop water use (crop ET) and hence lower CWP for 
the same yield level. Hence, the gap in CWP in these regions 
may not be closed by improving management, and the com-
puted CWP may be a benchmark for the region, which 
makes inter-region comparison difficult. Some studies, such 
as Steduto et al. (2009), Hsiao et al. (2009), and Yuan et al. 
(2013), used a normalized CWP measure to normalize or 
correct CWP values to evaporative demand in a particular 
region, which allowed better comparison across regions and 
seasons. 
In addition, it can be argued that the yield, crop water use, 
and hence CWP reported in this study are combined esti-
mates for both rainfed (dryland) and irrigated conditions. 
Crop performance and water use can vary substantially 
among dryland and irrigated conditions, especially in semi-
arid regions. County-level crop yield, as stated earlier, is a 
weighted average of irrigated and rainfed yields and hence 
correctly represents the county-average magnitude. Moreo-
ver, the crop water use estimation methodology involves us-
ing satellite-derived NDVI for deducing Kc information. Be-
cause the NDVI data reflect whether a field is rainfed (dry-
land) or irrigated, the Kc and hence the crop ET differ for the 
two conditions. Thus, we derived crop ET for individual pix-
els (while treating the irrigated and dryland fields separately) 
and then averaged the pixels that belong to a particular 
county to compute county-level crop ET. Finally, county-
level CWP estimates were derived using crop yield and ET 
data at the same scale. Separating dryland and irrigated 
yield, ET, and CWP is a rigorous exercise that would require 
high-resolution datasets for irrigated and non-irrigated areas, 
and our knowledge is limited. In addition, the datasets, if 
available, represent a specific point in time and thus cannot 
be used in an application such as ours, which aims to look at 
temporal trends. The irrigated and non-irrigated areas are 
subject to change substantially over a span of 32 years. Due 
to these constraints, we restricted ourselves to average 
county-level estimates of these variables to decipher their 
trends over this period. 
Histograms of CWP Frequency Distributions 
A total of 16,520 observation data points for maize and 
12,961 observation data points for soybean were used to de-
Figure 16. Temporal trends in (a) maize crop water productivity (CWP) and (b) soybean crop water productivity (CWP) (kg m-3) during the 
period 1982-2013 for the study region counties. 
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velop the frequency distribution histograms (fig. 17). Maize 
CWP ranged from 0.06 to 4.88 kg m-3 with a peak frequency 
range of 1.2 to 1.3 kg m-3. Soybean CWP ranged from 0.05 
to 1.17 kg m-3 with a peak frequency range of 0.4 to 0.5 kg 
m-3. To further investigate the variation in maize and soy-
bean CWP during 1982-2013, the skewness statistic was cal-
culated for each year (table 2) to quantify the variation in 
frequency distribution over the study period. For most of the 
years in the study period, the skewness for maize CWP has 
positive values, which implies that the histogram distribu-
tion is more skewed toward lower CWP in those years. For 
soybean, there are negative values of skewness, signifying 
that the histogram distribution is more skewed toward higher 
CWP values in those years. 
This study has some limitations, which have to be high-
lighted for ease of interpretation and for making conclusions. 
First, our approach considered the irrigated and rainfed 
yields collectively, as one of the aims was to study all the 
variables over the complete geographical extent of all nine 
states. The USDA-NASS provides separate irrigated and 
rainfed yields only for states with substantial irrigation prac-
tices, e.g., Nebraska. We used the average yield statistics 
from the USDA-NASS, as reported for most of the 834 
counties. Similarly, we computed averaged crop water use 
(ET) for maize and soybean for each county to match with 
the county-averaged reported crop yields. When computing 
crop ET via the Kc-NDVI approach, it was challenging to 
separate irrigated and rainfed regions because we could not 
find any promising database that presented irrigated regions 
in the U.S. at the desired scale. Moreover, the existing satel-
lite-based datasets were developed for a fixed year and were 
not well suited for our purpose, as our study focuses on 
32 growing seasons (1982-2013), and irrigated areas 
changed substantially during that period. However, these ap-
proaches introduced certain uncertainties into the analysis. 
The crop yields reported in this study are weighted averages 
of both dryland (and rainfed) and irrigated fields in a partic-
ular county, and the proportion of rainfed and irrigated fields 
can vary substantially in each state or even within a county, 
thus affecting the county average. For example, the crop 
yields reported for Iowa counties are all from rainfed fields 
because the higher precipitation in the state is sufficient to 
meet crop water requirements. However, in Nebraska, the 
amount of precipitation received might not be enough to 
meet crop water requirements across the state. For instance, 
precipitation in southeastern Nebraska should generally be 
sufficient, which indicates that reported county yields in this 
region are for rainfed fields. In western and central Ne-
braska, irrigation is necessary to supplement precipitation 
and meet crop water demands, which indicates that reported 
crop yields are for a combination of irrigated and dryland 
fields. Consequently, the statewide average in Nebraska 
would be lower because of the presence of dryland fields 
where precipitation is not enough for optimal crop perfor-
mance. Ideally, such a comparison of precipitation received 
and crop water use (ET) would be sufficient to segregate ir-
rigated and rainfed cropping regions. However, this is not 
always the case. In certain regions or years, although the an-
nual or growing season precipitation is sufficient, the timing 
of the precipitation is often a crucial variable. If the timing 
of the precipitation does not coincide with the peak water use 
periods or with periods of sensitivity to water stress in a rain-
fed crop, it is difficult to maintain stress-free conditions, and 
irrigation might be necessary. Moreover, in regions with 
coarse-textured soils, the timing of precipitation may play an 
important role because the soils might not retain moisture 
until the peak water use period. Therefore, the proportion of 
irrigated and rainfed fields in a political unit (county or state) 
may vary with the region, soil type, and rainfall received in 
a particular growing season. Hence, direct crop yield com-
parisons based on political units should be carefully under-
stood and interpreted, especially for counties and states 
where the proportions of rainfed and irrigated fields vary 
substantially. 
Secondly, the use of NDVI as the vegetation index to es-
timate Kc data in our study can be questioned in light of var-
ious limitations in the use of NDVI for crop monitoring. 
Some disadvantages with NDVI in landscape studies are re-
lated to the nonlinear behavior of ratios, sensitivity to soil 
background effects, and saturation at moderate to high veg-
etation densities. Furthermore, the performance of NDVI to 
indicate crop water status is also subject to question, as it is 
 
Figure 17. Frequency histograms of county average maize and soybean crop water productivity (CWP) from 1982 to 2013 across the study area.
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does not accurately represent stressed conditions (due to 
pests, disease, drought, etc.) in both irrigated and rainfed set-
tings. 
Finally, concerns can be raised about the accuracy of the 
two-step approach in producing crop ET estimates in situa-
tions where crops experience water stress. Efforts have been 
made to use NDVI and other vegetation indices to predict 
Kcb in the dual crop coefficient approach (Bausch and Neale, 
1987; Choudhury et al., 1994; Bausch, 1995; Ray and 
Dadhwal, 2001; Duchemin et al., 2002), which is considered 
more accurate than the single Kc approach. However, this in-
troduces complexity into the process of ET determination, as 
several other datasets are needed. For example, datasets on 
precipitation and irrigation amounts and timing, as well as 
information on soil water holding capacity, would be re-
quired for the calculation of the water stress coefficient (Ks), 
which is an arduous task in large-scale and long-term stud-
ies. Moreover, it should be understood that using the FAO 
dual crop coefficient instead of the single Kc approach would 
involve using tabulated (FAO-56) values for Kcb and Ke, 
which are fixed values in space and time. Contrary to this, 
our hypothesis in this study stated that Kc varies in both 
space and time, which is the reason we used NDVI to de-
velop actual site-specific and time-specific Kc estimates. 
Hence, we selected the FAO single Kc two-step approach to 
quantify crop water use. 
Given that the above issues and concerns are taken into 
consideration when interpreting the findings, the infor-
mation provided in this article is valuable for understanding 
the dynamics in crop productivity indices over large-scale 
spatial and long-term temporal extents, which otherwise is 
an extremely difficult task without labor-intensive method-
ologies. Future efforts in this direction could include the 
quantification of water use and productivity of major crops 
in the region at much finer scales using reflectance data from 
a wide range of satellites (depending on the time scale and 
resolution) and assessing the performance of various vege-
tation indices to estimate Kc. Special efforts can be under-
taken to account for crop water stress by including a larger 
range of ground truth datasets from geographically distrib-
uted sites across the region. Lastly, segregating dryland and 
irrigated fields is still a challenge, especially in long-term 
studies that require interannual and long-term changes in 
their proportion, and should be studied in greater depth. 
SUMMARY AND CONCLUSIONS 
The study aimed at quantification, mapping, and analyz-
ing the long-term magnitudes, spatial and temporal trends, 
and frequency distributions of maize and soybean yield, an-
nual precipitation use efficiency (ANNPUE), growing sea-
son precipitation use efficiency (GRSPUE), and crop water 
productivity (CWP) for the period 1982-2013 in the U.S. 
Great Plains using multiple public data sources and datasets 
developed in prior studies. 
Considerable spatial variability exists in the crop yields 
reported for various counties in the region. This is also true 
for maize and soybean ANNPUE and GRSPUE. Maps were 
developed depicting long-term county averages of these var-
iables to identify regions with high or low magnitudes. The 
regional average magnitudes of maize and soybean yields 
were 6.66 and 2.17 ton ha-1, respectively. On a statewide av-
erage basis, Iowa had the highest maize yield, followed by 
Nebraska, Colorado, Kansas, Wyoming, Texas, South Da-
kota, Oklahoma, and North Dakota. For soybean, the highest 
statewide average yield was observed for Iowa, followed by 
Nebraska, Kansas, South Dakota, Texas, North Dakota, and 
Oklahoma. Crop yields increased from 1982 to 2013, with 
average rates of increase of 101.4 and 32.8 kg ha-1 year-1 for 
maize and soybean, respectively. The yield gains were at-
tributed to the application of technological advances in ge-
netic, agronomic, and irrigation practices. 
The ANNPUE, GRSPUE, and CWP values were quanti-
fied and mapped for the entire study region. The regional 
average maize ANNPUE, maize GRSPUE, soybean 
ANNPUE, and soybean GRSPUE were 1.09, 1.90, 0.32, and 
0.55 kg m-3, respectively. For maize ANNPUE and 
GRSPUE, the spatial distributions were similar, with Wyo-
ming having the highest magnitude and Oklahoma having 
the lowest magnitude. For soybean ANNPUE and GRSPUE, 
Nebraska had the highest magnitude and Oklahoma had the 
lowest. The CWP values for maize and soybean were aver-
aged for the region and were 1.08 and 0.40 kg m-3, respec-
tively. On a statewide average scale, Wyoming had the high-
est maize CWP, followed by Colorado, Iowa, Nebraska, 
Kansas, Texas, Oklahoma, South Dakota, and North Dakota. 
For soybean, Iowa had the highest CWP, followed by Ne-
braska, Kansas, South Dakota, Texas, North Dakota, and 
Oklahoma. Primarily due to the increasing crop yields, the 
ANNPUE, GRSPUE, and CWP also increased for most of 
the counties. The rates of increase in maize ANNPUE, 
GRSPUE, and CWP were 0.0174, 0.0316, and 0.0144 kg  
m-3 year-1, respectively. Similarly, soybean ANNPUE, 
GRSPUE, and CWP increased at rates of 0.0048, 0.0081, 
and 0.0047 kg m-3 year-1, respectively. This information, 
which included regional averages and spatial and temporal 
maps, provided insights into the current status and the im-
provements or declines in the efficiency measures over the 
region and the study period. 
For all variables, the frequency distribution was studied 
during the study period to observe the inter-annual variation 
and distribution of the variables. The detailed maps and anal-
yses presented in this study have the potential to enhance the 
ability of policymakers, agricultural managers and profes-
sionals, and state and federal agencies to identify priority ar-
eas for careful assessment so that improvements in soil, crop, 
and irrigation management practices can be allocated or re-
allocated. This would result in efficient use of freshwater re-
sources for enhancing crop water productivity. The results 
of this study can also provide useful information on past and 
current crop production efficiency in terms of yield and wa-
ter use and can be invaluable for making future projections 
of crop water productivity in relation to climate change, wa-
ter use, and crop yield. 
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